Abstract: We report the structural and biochemical characterization of a novel periplasmic ligandbinding protein, Dret_0059, from Desulfohalobium retbaense DSM 5692, an organism isolated from Lake Retba, in Senegal. The structure of the protein consists of a unique combination of a periplasmic solute binding protein (SBP) domain at the N-terminal and a tandem PAS-like sensor domain at the C-terminal region. SBP domains are found ubiquitously, and their best known function is in solute transport across membranes. PAS-like sensor domains are commonly found in signal transduction proteins. These domains are widely observed as parts of many protein architectures and complexes but have not been observed previously within the same polypeptide chain. In the structure of Dret_0059, a ketoleucine moiety is bound to the SBP, whereas a cytosine molecule is bound in the distal PAS-like domain of the tandem PAS-like domain. Differential scanning flourimetry support the binding of ligands observed in the crystal structure. There is significant interaction between the SBP and tandem PAS-like domains, and it is possible that the binding of one ligand could have an effect on the binding of the other. We uncovered three other proteins with this structural architecture in the non-redundant sequence data base, and predict that they too bind the same substrates. The genomic context of this protein did not offer any clues for its function. We did not find any biological process in which the two observed ligands are coupled. The protein Dret_0059 could be involved in either signal transduction or solute transport.
Introduction
Solute binding proteins (SBP) were first discovered as soluble proteins that bind a small molecule in the periplasm and "hand it over" to a transport protein system located in the cytoplasmic membrane, which subsequently delivers the small molecule or solute into the cytoplasm. 1 Later SBP domains were also found to occur in the periplasmic segments of larger signaltransduction proteins. [2] [3] [4] The amino acid chain of an SBP folds into two lobes connected by a hinge region; the solute is bound in the interface between the two lobes. 5 The opening and closing of the two lobes occurs by the so-called Venus flytrap mechanism. 6 Per-Arnt-Sim (PAS)-like domains are commonly observed in signal transduction proteins as the periplasmic segments of histidine kinases or chemotaxis proteins. 7, 8 The PAS-like domain observed in periplasmic sensor domains is distinct from the classic PAS domain observed in cytoplasmic proteins. 9 Signal transduction proteins containing PAS-like domains typically have the following topology: a cytoplasmic N-terminal tail connected to a transmembrane (TM) helix, which is followed by the PASlike domain in the periplasm; this is connected to a second TM helix that is fused to cytoplasmic domains. The PAS-like domains bind small molecules and serve as the sensors of these signal transduction proteins. Tandem PAS-like domains are larger and consist of two PAS-like domains. 10, 11 The tandem PAS-like domains have a long N-terminal helix that is part of both the PAS-like domains. The two domains are referred to as distal or proximal depending on their location relative to the membrane. The distal PAS-like domain binds a small molecule and it functions as the ligand sensor. The role of the proximal PAS-like domain in the function of these proteins is poorly understood. Ligand binding to the distal PAS-like domain causes some structural change that is transmitted across the membrane to the cytoplasmic part of the protein initiating downstream processes. Although some speculations have been put forth, the exact mechanism of how the signal from the periplasm is transduced to the cytoplasmic domains is not well understood.
Here, we describe the structural and biochemical characterization of the periplasmic ligand-binding protein, Dret_0059 (ACV67361.1; WP_015750521; APC110497) from Desulfohalobium retbaense DSM 5692. 12 This is the first protein structure from this organism. This protein consists of a novel combination of two protein domains, an N-terminal SBP domain and a C-terminal tandem PAS-like domain; both bind distinct ligands. These domains have been previously observed as parts of other proteins but not within the same polypeptide chain. The protein Dret_0059 therefore represents a new member of the growing family of multidomain architectures, 13 comprising a new combination of previously known domains.
Results

Overall structure of Dret_0059
The mature protein Dret_0059 (residues 30 -599), excluding the signal peptide predicted by the SignalP 4.1 server (http://www.cbs.dtu.dk/services/ SignalP/), was cloned and expressed in the cytoplasm of E. coli. The purified protein was crystallized, and its structure was determined by X-ray crystallography and refined to 2.00 Å resolution. The asymmetric unit of the crystal contains one protein chain. Good electron density is observed for most of the residues. Two N-terminal residues (30) (31) , six C-terminal residues (594-599), and two loop regions 531 -544 and 560 -571 could not be modeled in the final structure due to lack of electron density. The final model starts from Lys32 at the N-terminus, ends at Gly593 at the C-terminus and includes a ketoleucine, a cytosine molecule, an acetate ion, and a calcium ion which mediates contacts between protein molecules in the crystal. In addition, 223 water molecules were modeled. The structure of Dret_0059 can be described as a solute binding protein attached to tandem PAS-like sensor domains. A C a tracing of the overall structure is shown in Figure 1 . Based on the structure, residues 32-352 constitute the SBP domain and residues 353 -594 constitute the tandem PAS-like sensor domains.
SBP Domain
The N-terminal region of Dret_0059 adopts a typical SBP structure (see Fig. 1 ) formed by mixed a/b secondary structure elements that fold into two lobes, the so-called Venus flytrap architecture. In the case of Dret_0059, the two lobes are connected by three segments that form the inter domain hinge (residues 141-146, 262-264, and 336-340), and a ligand molecule was observed between the two lobes. The SBP domain can be placed into cluster B of the classification system of Berntsson et al. 3 A BLAST analysis identified a large number of SBP domain sequence homologues with identities as high as 24%. A structural homology search with the SBP domain of Dret_0059 using the DALI server 14 
SBP Ligand Binding Site
An unassigned density was observed between the two lobes of the SBP domain, in the location corresponding to small molecule ligands present in various other SBP structures. Based on the features of the electron density and potential hydrogen bonding interactions, a ketoleucine moiety (also known as a-ketoisocaproate (KIC) or 4-methyl-2-oxopentanoic acid) was positioned there and refined. Indeed, the binding site appears very specific with all the hydrogen bonding potential of the ligand satisfied. The electron density observed for the ligand and its interactions with the SBP domain are shown in Figure 2. Residues from both of the lobes are involved in binding the ligand. The side chain of Arg241 hydrogen bonds with the keto oxygen and one of the oxygens of the ketoleucine carboxyl group. This carboxyl oxygen is also hydrogen bonded to the main chain nitrogen of Ala126. The other carboxyl oxygen is hydrogen bonded to the main chain nitrogen and side chain hydroxyl of Ser103. The keto oxygen is also close to the aromatic carbon (CD2) of Phe286 (3.3 Å ) which could provide a weak hydrogen bond. The part of the ligand containing branched chain carbons is placed in a hydrophobic pocket lined with residues Phe45, Ile48, Trp104, Met165, Pro242, and Phe286.
Comparison with Leucine Binding SBP
The overall fold of the SBP domain of Dret_0059 is the same as that of the E. coli leucine/isoleucine/ valine-binding protein, LivJ (PDB code, 1Z16). 16 The amino acid binding site in LivJ is in approximately the same location as the ketoleucine binding site in Dret_0059, but the binding sites do not overlap well in the two structures. The interaction of the ligand carboxyl group with the protein is similar in both structures; the carboxyl group interacts with a main chain nitrogen and side chain hydroxyl of a serine residue, Ser79 in LivJ, and Ser103 in Dret_0059. However, ketoleucine differs chemically from leucine by replacement of the a-amino group with a carbonyl [see Fig. 2(C) ]. Consequently, in LivJ the a-amino group of leucine interacts with the carboxyl side chain of Glu226 and the carbonyl group of Ala100, whereas in Dret_0059, the keto group of ketoleucine hydrogen bonds with Arg241. It is worth noting that the Glu226 in LivJ and Arg241 in Dret_0059 are in equivalent positions both in the amino acid sequence and in the structures. Therefore, it is likely that the determinant of specificity for ketoleucine in Dret_0059 is dictated by the Arg241. In a LivJ homolog from Streptococcus pneumoniae crystallized in complex with isoleucine (unpublished; PDB code, 4GNR), the binding site is in the same location as observed in both Dret_0059 and 1Z16. The residue that interacts with the amino group of isoleucine in the case of 4GNR is Asp262 (in contrast with Glu226 in 1Z16). There is a disulfide bridge near the binding site in 1Z16 whereas it is absent in both Dret_0059 and 4GNR.
Tandem PAS-like Domain
The C-terminal region of Dret_0059 folds into a typical tandem PAS-like domain structure ( Fig. 1) as observed in periplasmic segments of many transmembrane signal transduction proteins. 10, 11 Immediately following the SBP of Dret_0059, a long helix, commonly observed at the N-terminus of tandem PAS-like domains, is formed by residues 353-387 (yellow helix in Fig.1 ). Residues 373-490 correspond to the distal PAS-like domain, whereas residues 353-372 and 491-599 correspond to the proximal PAS-like domain (distal and proximal with respect to the SBP domain). In the proximal PAS-like domain, residues 531 -544, 560 -571, and the C-terminal residues 594 -599 were not modeled due to lack of electron density. A DALI search for structural homologs returned a number of structures containing tandem PAS-like domains. The top hit was a putative sensory box/ GGDEF family protein (unpublished; PDB code, 2P7J) with a Z-score of 20.1 (C a rmsd 2.6 Å over 215 amino acids; 13% sequence identity). The next two hits included the periplasmic domains of a putative histidine kinase (PDB code, 3LID) 10 with a Z-score of 20.0 (C a rmsd 2.5 Å over 215 amino acids; 12% sequence identity) and the sporulation sensor, KinD (PDB code, 4JGP) 11 with a Z-score of 19.8 (C a rmsd 2.0 Å over 185 amino acids; 15% sequence identity).
BLAST analysis identified a large number of sequence homologs containing tandem PAS-like domains with identities as high as 38%.
Tandem PAS-like Domain Ligand Binding Site
An unassigned density was found in the ligand binding site of the distal PAS-like domain. Based on the shape of the density [see Fig The amino group also interacts with the side chain of Asn411, and through a water molecule with hydroxyl group of Ser485. The residues Ile437, Val413, Mse460, Asp468, Glu470, and Leu487 are within van der Waals contact distance from the cytosine molecule.
Acetate Binding Site
An additional unassigned density between the distal and proximal PAS-like domains was interpreted as an acetate ion ( Fig. 1 ). The acetate is found in the region of cross over from the distal to proximal PASlike domains ( Fig. 1 ). It hydrogen bonds to the main chain nitrogen atoms of residues Phe493 and Gly494. The acetate ion was very likely obtained from the crystallization reagents used.
Interface between SBP and Proximal PAS-like Domains
There is a significant interaction between the SBP and the proximal PAS-like domains. One contact involves residues of the N-terminal helix of the proximal PAS-like domain with the SBP domain (buried surface area of 554 Å 2 ). The other contact is between the segment (residues 491 -505) that is the direct continuation of the distal PAS-like domain, the location of the cytosine binding site. Residues 503, 504, and 505 are in intimate contact with the SBP domain (see Fig. 4 ) with a buried surface area of 472 Å 2 . Residues 503 to 505 form a turn between the helix (residues 491 2 502) and the beta strand (residues 507 2 512) in the proximal PAS-like domain. The main chain oxygen of Asn503 from the proximal PAS-like domain hydrogen bonds with main chain nitrogen of Tyr339 and with the side chain of Gln149 from the SBP domain. In addition, the side chain of Asn503 interacts through a water molecule with the side chain of Gln145 from SBP domain. The residues Phe504 and Pro505 from the proximal PAS-like domain form van der Waals contacts with the residues from the SBP (Phe504 from the proximal PAS-like domain interacts with Phe341, and Gln149 from the SBP, whereas Pro505 from the proximal PAS-like domain interacts with Ile340, Pro338, and Ser264 from the SBP domain).
Assigned Ligands Stabilize the Protein in Solution
Differential scanning fluorimetry (DSF) was used to confirm the binding of ligands identified by X-ray crystallography and to test alternative ligands. 17, 18 In order to verify interaction of ligands with particular functional domains, parts of Dret_0059 containing either the SBP (residues 30-352) or tandem PAS-like domains (residues 353-599) were cloned, expressed, and purified. Similarly, full-length Dret_0059 was stabilized by ketoleucine in a concentration-dependent manner [ Fig. 6(A) ]. While a shift in the T m could not be observed with cytosine alone [ Fig. 6(B) ], in the presence of both cytosine and ketoleucine, a larger shift in the T m was observed than that with ketoleucine alone [ Fig. 6(C) ]. Although we desired to determine the binding affinity for ketoleucine or cytosine by isothermal calorimetry, all attempts to remove the tightly bound ligands (bound during protein production in E. coli) with mild treatments of guanidinium hydrochloride or urea resulted in irreversible denaturation of the protein (data not shown). Stabilization of Dret_0059 by other alpha keto acids, 2-oxovalerate, 2-oxobutyrate, and pyruvate, was also assessed. Results of DSF experiments conducted in the presence of cytosine are shown in Figure 7 . All compounds produced an increase in T m in the DSF assay. The magnitude of the shift correlated with the length of the carbon chain, with the greatest thermal shift produced by ketoleucine, with its branched carbon chain, followed by 2-oxovalerate, 2-oxobutyrate, and pyruvate.
The electron density observed for the ligand in the distal PAS-like domain in the structure of Dret_0059 could also be consistent with uracil, which is another naturally occurring compound. However, DSF experiments conducted with the fulllength Dret_0059 or its tandem PAS-like domain fragment did not show any shift in thermal profiles in the presence of increasing amounts of uracil (data not shown). Therefore, it was concluded that uracil is not a ligand of this protein.
Halophilic organisms such as D. retbaense are capable of importing osmolytes from the surrounding medium. We tested several osmolytes (ectoine, glycine betaine, choline chloride or N,N-dimethyl glycine) in the DSF assay. None of these compounds produced shifts in the T m of the isolated domains or the full-length protein, suggesting that Dret_0059 was not involved in uptake or response to these osmolytes (data not shown).
Any Known Biological Pathways Connecting Ketoleucine and Cytosine?
In an attempt to provide a functional explanation for the dual substrate binding ability of Dret_0059, we conducted an analysis of: (1) the known metabolic reactions that are related to ketoleucine and cytosine; and (2) the genes that are typically coexpressed with the known metabolic pathways involving ketoleucine and cytosine (see Methods section for details). There are 29 biochemical reactions in the ModelSEED database that include ketoleucine as a substrate or product (Supporting Information, Table SI ). None of these reactions include cytosine as a substrate or a product. This result indicates that there is no known metabolic enzyme that uses both ketoleucine and cytosine as substrates. Next, we analyzed six microbial genomes for which precomputed predicted regulons exist (see Methods section). 19 We searched for any regulons that involve genes associated with ketoleucine and genes associated with cytosine. We found no evidence to support the co-expression of genes associated with ketoleucine and cytosine. Next, we examined a dataset of experimental expression data for B. subtilis, but again found no experimental conditions that resulted in the activation of genes related to ketoleucine and cytosine. 
Discussion
Orthologs of Dret_0059
D. retbaense is a halophilic hydrogenotrophic sulfate-reducing bacterium isolated from sediments of the hypersaline Retba Lake in Senegal. 12 It represents a new genus of sulfate reducers and is capable of utilizing H 2 and using sulfate, sulfite, thiosulfate, and elemental sulfur as electron acceptors which are reduced to H 2 S. The bacterium genome has a high GC content (57.3%) and its sequence was determined as a part of the Genomic Encyclopedia of Bacteria and Archaea project. The genome analysis suggests that the D. retbaense is well adapted to frequent changes in salinity and redox conditions in its natural environment, the sediments of hypersaline lakes. 12 We determined the crystal structure of Dret_0059, the first structure of a protein from D. retbaense. Dret_0059 is unusual since it is a fusion of two ligand-binding protein domains, an SBP domain and tandem PAS-like domains. The best known function of SBP is to participate in a ligand passage through the membrane and that of tandem PAS-like domains is to transmit information about the presence of a ligand. A BLAST search found only three proteins from other organisms in the nonredundant protein sequence data base with similar domain architecture: One protein (597 residue and 61% identity) from Desulfonatronum thiosulfatophilum (SBD41272), second protein (590 residue and 58% identity) from Desulfonatronum lacustre (WP_ 028572127), and third protein (589 residues and 59% identity) from Desulfonatrovibrio magnus (WP_045214553). 20, 21 Interestingly, all four organisms (D. retbaense, D. thiosulfatophilum, D. lacustre, and D. magnus) are sulfate-reducing bacteria isolated from halophilic lakes. In contrast, a large number of homologs consisting of the individual SBP and tandem PAS-like domains are found in a wide range of organisms. Although the functions of the three above mentioned orthologs are also unknown, they are predicted to form a similar architecture consisting of an SBP domain followed by tandem PAS-like domains by structure prediction program FFAS. 22 In addition, it is interesting to note that the binding residues of both ligands observed in SBP and tandem PAS-like domains of Dret_0059 are conserved (see sequence alignment in Fig. 8 ). Therefore, it is likely that these three proteins bind the same ligands and have the same function as Dret_0059.
Binding of Small Molecules by Dret_0059
In the crystal structure, Dret_0059 contains two different small molecules; the tandem PAS-like domain part of the protein contains cytosine, whereas ketoleucine is bound by the SBP domain. Neither of the ligands was added in the process of protein isolation and crystallization, but were assumed to have been bound by the protein during production in E. coli. In solution, as determined by DSF, ketoleucine, and cytosine stabilize both the cognate individual domains and the full-length protein. We have been unsuccessful in removing the ligands bound to the protein during expression. Therefore, we have not performed isothermal titration calorimetry or other ligand binding studies. For the same reason, the influence on binding order for the two ligands and whether binding of either ligand regulates the binding of the other in the full-length protein could not be determined. An acetate ion was also located in the structure of Dret_0059 that was very likely taken up from the crystallization reagents. It is not clear whether the binding of an acetate ion is fortuitous or may have a role in the function of Dret_0059. Interestingly, an acetate ion, also believed to be taken up from the crystallization medium, was observed to bind in the proximal PAS-like domain of another tandem PASlike domain chemoreceptor, Tlp1. A cytosine binding chemotaxis receptor was identified in Pseudomonas putida by Liu et al. (Pput_0623, YP_0012655975) . 24 The periplasmic domain of this receptor was predicted by the program FFAS with a high confidence (score of 275.9) to form a tandem PAS-like domain structure. The top hit in the FFAS search was the periplasmic segment of a methyl-accepting chemotaxis protein from Vibrio cholera (unpublished; PDB code, 3c8c). The comparison of the tandem PAS-like domain sequence of P. putida cytosine receptor with Dret_0059 revealed (sequence identity 9%; data not shown) that the cytosine binding residues observed in the structure of Dret_0059 are not conserved in the amino acid sequence of the cytosine receptor from P. putida. Therefore, the binding site of cytosine is comprised of different residues in the P. putida protein.
Ketoleucine is a substrate in the last step of leucine synthesis and it is a product of the first step in leucine catabolism. Dret_0059 has a signal sequence and therefore is targeted to periplasmic space in D. retbaense. It is likely that the native function of the protein Dret_0059 is to bind ketoleucine in the periplasm (possibly available from the environment). Ketoleucine is an example of an alpha keto acid. The smaller related keto acids (Fig. 7) we tested did not stabilize the protein as well as ketoleucine probably because the smaller ligands do not fill the space available in the binding site. It is possible that many SBPs annotated as leucine or branched amino acid SBPs may have different specificities as shown for ketoleucine binding SBP (as part of Dret_0059) and detailed analysis will be required to sort out small changes effecting ligand specificity.
Several solute binding proteins associated with TRAP transporters are known to bind alpha keto acids with high specificity. 25 These SBPs are structurally homologous and employ a conserved arginine for binding the carboxyl group of the keto acid. Comparison of the structure of Dret_0059 revealed that it is different from the overall structural fold of TRAP-associated SBPs (no TRAP-type SBPs were returned in DALI search of Dret_0059 SBP domain), and the mode of binding the alpha keto acid is also not the same. 26 Although an arginine is involved in the interaction in both cases, the details of the ligand-protein interactions are different (not shown).
Because of the binding site differences, in addition to the lack of a TRAP transporter among the neighboring genes, it is unlikely that Dret_0059 is part of a TRAP transport system. The search of known metabolic data suggests that there is little direct association between ketoleucine and cytosine. This implies that the biological function of Dret_0059, which directly couples ketoleucine and cytosine binding, is not widespread among the microbial tree of life and may be localized to organisms within short phylogenetic distances of D. retbaense DSM 5692. Thus, in the absence of extensive additional data from D. retbaense DSM 5692, it is not clear why Dret_0059 has the ability to bind both ketoleucine and cytosine.
Possible Function of Dret_0059
Since Dret_0059 is a combination of solute binding (SBP) and tandem PAS-like domains, the question arises as to what its function is -is it transport or signaling? We sought to answer the question based on the genomic location of Dret_0059 and relying on generally known functions of these two protein domains.
Based on the presence of a predicted signal peptide, the protein is located in the periplasm. An inspection of the neighboring proteins in the genome of D. retbaense (Fig. 9) did not reveal the presence of an ABC or a tripartite ATP-independent periplasmic (TRAP) transporter, proteins that are commonly associated in operons with SBP proteins. Moreover, an inspection of the genome neighborhoods of D. thiosulfatophilum, D. lacustre, and D. magnus proteins did not reveal any similarity between the three orthologs (data not shown). Since the genomic context of Dret_0059 did not provide any clues for its function, Dret_0059 could be involved in either solute transport or signal transduction.
In prokaryotes, SBP domains function primarily in the binding of substrates in the periplasmic space and enable their transport to cytoplasm via one of the transport systems. However, there are several examples in which the SBP domains function in signal transduction. One well-studied case is the interaction between an SBP and tandem PAS-like domains observed in the quorum-sensing response by bacteria.
27
Dret_0059 is the first example of a protein where the tandem PAS-like domain is part of a soluble protein and not part of a membrane protein.
Since tandem PAS-like domains function as signaling modules, it is possible that ligand binding to this domain exerts some sort of allosteric control over the function of the SBP domain. Linking protein domains with different functions may represent bacteria's attempt to connect distinct cellular processes. In order to transmit a signal via ketoleucine and/or cytosine binding, Dret_0059 would need to interact with some other, presently unidentified, protein.
Conclusions
The first protein structure from D. retbaense revealed a novel protein consisting of two wellknown structural domains, an SBP domain and a tandem PAS-like domain. The SBP domain of the protein binds ketoleucine and a cytosine moiety is bound in the tandem PAS-like domain. The protein Dret_0059 is the first example where these two structural folds are combined in one polypeptide chain. It is also the first example of a tandem PASlike domain found as part of a soluble protein. At present, there are only three other proteins with this structural architecture in the non-redundant sequence database and based on their amino acid sequences we predict that they bind the same substrates. SBP proteins function mainly in the transport of key nutrients to the cytoplasm, and the tandem PAS-like domains are involved in sensing and transduction of chemical signals. Since the genomic context of Dret_0059 did not offer any clues for function, this protein could be involved in signal transduction or in solute transport. The exact functional details of this novel class of proteins awaits further studies. 
Materials and Methods
Cloning
The gene cloning was performed as reported by Kim et Ligation independent cloning was used to insert the DNA fragments into the E. coli expression vector pMCSG68 (PSI:Biology Materials Repository). Briefly, purified PCR products were treated with T4 polymerase in presence of dCTP according to vendor specification (New England Biolabs). The protruded DNA fragments were mixed with T4 polymerasetreated vector and transformed into E. coli BL21-Gold (DE3). The three protein constructs were produced as fusions with N-terminal, TEV proteasecleavable His 6 -tags.
Protein Expression and Purification
A seleno-methionine (SeMet) derivative of the expressed protein was prepared as described previously. 28 Briefly, cells were grown in enriched M9 medium with 100 lg/mL ampicillin. The harvested cells, containing SeMet-labeled protein, were resuspended in lysis buffer (500 mM NaCl, 5% [v/v] glycerol, 50 mM HEPES pH 8.0, 10 mM imidazole, and 10 mM 2-mercaptoethanol) and stored at 2808C. Before purification, the frozen cell mixture was thawed and lysed by sonication. The lysate was clarified by centrifugation at 36,000g for 1 h and the supernatant was filtered through a 0.44 lm membrane. The filtered lysate was then applied to a 5 mL HiTrap Ni-NTA column (GE Health Systems) on an AKTAxpress system (GE Health Systems) as described previously. 29 The His 6 -tagged protein was eluted with lysis buffer (500 mM NaCl, 5% glycerol, 50 mM HEPES pH 8.0, 250 mM imidazole, and 10 mM 2-mercaptoethanol) and the fusion tag was removed by treatment with recombinant His 7 -tagged TEV protease. Ni-NTA affinity chromatography was used to remove the His 6 -tag, uncut protein, and His 7 -tagged TEV protease from the protein digest. The pure protein was concentrated and was exchanged into crystallization buffer containing 150 mM NaCl, 20 mM HEPES pH 8.0, and 2 mM dithiothreitol using an Amicon Ultra-10 concentrator (EMD Millipore). The protein concentration was determined based on absorbance at 280 nm measured on a NanoDrop 1000 Spectrophotomer (Themo Scientific) and theoretical, sequence-deduced absorption coefficients. Native samples of the three protein constructs (SBP domain, tandem PAS-like domains and the full-length protein) for DSF assay were prepared by the same procedure as described above for SeMet-labeled protein except for the absence of selenomethionine and inhibitory amino acid cocktail during cell induction.
Protein Crystallization
The SeMet-labeled Dret_0059 was crystalized by sitting drop vapor diffusion method in a CrystalQuickVR 96-well round-bottomed plate (Greiner BioOne North America) using a MosquitoVR nanoliter liquid workstation (TTP LabTech). Crystallization screen kits of MCSG1, MCSG2, MCSG3, and MCSG4 (Microlytic Inc.) were used. Protein solution (400nL) at 40mg/ml was mixed with 400 nL of crystallization reagent and allowed to equilibrate against 135 lL of crystallization reagent. The plates were incubated at 168C in a RoboIncubator VR plate storage system (Rigaku). Automated crystal visualization (CrystalTrak, Rigaku) was used for droplet imaging using Minstrel IIIVR (Rigaku). Crystals of Dret_0059 for structure determination were obtained in MCSG4 condition H11 which contains 0.2 M Ca Acetate, 0.1 M HEPES:NaOH pH 7.5, and 10% PEG 8000. The crystals were cryoprotected by transfer to the reagent solution supplemented with 25% glycerol prior to plunging into liquid nitrogen for data collection.
Data Collection, Structure Determination, and Refinement
The X-ray diffraction data were collected at the 19ID beam line of the structural biology center at the Advanced Photon Source (Argonne, IL). The crystallographic and data collection parameters are presented in Table I . The structure of Dret_0059 was determined by single wavelength anomalous dispersion method using data collected at the Se K absorption edge (0.97918 Å ). The program suite in HKL3000 was used for data processing and structure determination. 30 The initial model was built using the automated methods within the HKL3000 package. The model was completed with manual inspection of the electron density maps with Coot 31 coupled with several additional rounds of refinement. The structure was initially refined with Refmac 5, 32 but in final stages with the program Phenix. 33 
Differential Scanning Fluorimetry (DSF)
The DSF method was used to identify binding ligands for the SBP and PAS domains of Dret_0059. 34, 35 Proteins, either the individual domains or the full-length protein, were arrayed in white, 96 well PCR plates with optical caps at a final concentration of 10 lM.
Individual ligands or ligand mixtures were tested at three concentrations (0.1, 1.0, and 5.0 mM, final concentration of each ligand). The reaction buffer consisted of 100 mM HEPES, pH 7.5, and 150 mM NaCl, and SYPRO Orange Protein Gel Stain (ThermoFisher no. S6650) was used at 5x concentration (the dye is supplied as a 5000x concentrate in DMSO). The final well volume was 40 ll and all assays were executed in duplicate. DSF was performed in a Stratagene MX4000 Quantitative PCR instrument. Fluorescence was measured using a custom filter configuration, with excitation at 492 nm and emission at 610 nm, optimized for SYPRO Orange. Thermal denaturation data was collected over a temperature range of 20-908C with increases of 18C per cycle as described in reference 35. The compounds used in ligand screening, cytosine, ectoine, sodium 4-methyl-2-oxovalerate (ketoleucine), 2-oxovaleric acid, sodium 2-oxobutyrate, sodium pyruvate, glycine betaine, N,N-dimethyl glycine, and choline chloride, were purchased from Sigma-Aldrich.
Search of Known Metabolic Data
We searched the publically available ModelSEED biochemistry database, 36 to identify all reactions that include ketoleucine as a substrate or a product (Supporting Information, Table I) . These reactions were then filtered based on the SEED Subsystems 37 and KEGG pathways 38, 39 that they are involved in.
Next, an analysis to determine if there is any evidence for genes associated with ketoleucine metabolism being co-expressed with genes associated with cytosine metabolism was conducted. We examined six microbial genomes for which a precomputed set of predicted regulons exist. 19 We identified all regulons that include at least one gene associated with a reaction involving ketoleucine, then examined the remaining genes in these regulons to determine any are associated with reactions involving cytosine. The search was further expanded to an experimentally derived gene expression dataset for Bacillus subtilis. 40 We looked for instances where genes related to ketolecuine were activated or de-activated under a specific experimental condition that correlated with the activation or deactivation of genes that are related to cytosine. Finally, we searched the regulatory databases RegulonDB, 41 DBTBS, 42 and RegPrecise 43 to find evidence of co-regulation of genes related to ketolecuine and cytosine.
PDB Accession Codes
The atomic coordinates and structure factors of the described protein have been deposited in the Protein Data Bank with accession code 5ERE. , ketoleucine, cytosine, acetate, one glycerol, and two ethylene glycol molecules.
